Introduction
The formation of the vascular system begins with vasculogenesis, the aggregation of endothelial precursors into a primitive network of tubes both in the yolk sac and in the embryo. Further vessel development, known as angiogenesis, consists of the remodeling and sprouting of the primitive capillary network in the embryo. This process also characterizes the formation of new vessels in adult tissues 1 .
Vascular endothelial growth factor (VEGF)-A is a critical player both in vasculogenesis and in physiologic and pathologic angiogenesis. Targeted inactivation of VEGF-A showed an embryonal lethal phenotype even in heterozygotes indicating that a tight dose-dependent regulation of this factor is required for vascular development 2, 3 . VEGF-A binds to two tyrosine kinase receptors Flt-1 (also known as VEGF-R1) and Flk-1 (also known as VEGF-R2 and KDR) 4 . During vessel development Flt-1 functions as a VEGF-A decoy receptor while Flk-1 is the major mediator of the mitogenic, motogenic and differentiation effects of VEGF-A [5] [6] [7] . Flk-1 is the earliest marker of developing endothelial cells (EC) as it appears prior to the distinction between endothelial and hematopoietic cells 8, 9 . Embryos lacking Flk-1 die with no sign of endothelial or hematopoietic cells and chimeric embryo with Flk-1 null ES cells demonstrated that this receptor is also required for the migration of hematopoietic and endothelial progenitors to the yolk sac 5, 6 . Differentiation of embryonic stem cells in vitro showed that Flk-1 positive cells can differentiate not only into endothelial and hematopoietic cells, but also in mural cells [10] [11] [12] . Thus, Flk-1 marks the hemangioblasts that has been described as the common progenitor of hematopoietic, only.
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In the adult, Flk-1 expression is restricted to endothelial cells and transiently up-regulated during angiogenesis 13, 14 . Flk-1 signaling upon VEGF-A binding acts as an early event to induce quiescent endothelial cells of veins and arteries to proliferate and migrate. A good example of VEGF-A-dependent angiogenesis is the cyclic corpus luteum of the ovary, which represents the organ site with the strongest angiogenesis 15 .
VEGF-A is a key mediator in angiogenesis of the ovary as it is expressed in the granulosa cell layer of corpus luteum and the administration of VEGF-A inhibitors suppress luteal angiogenesis [16] [17] [18] [19] [20] .
In spite of the importance of this receptor for endothelial specification and in only.
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Materials and Methods

ES differentiation in vitro
R1 ES cells, Flk-1 knockout clones 5547, 5548 and flk-1 +/-clones 5539, 5540 6 , a gift from Bill Stanford, were initially maintained on mouse inactivated embryo fibroblast layers in Dulbecco modified essential medium (DMEM; Gibco) containing 15% fetal calf serum (hyclone) 1500U/ml LIF, 50µM 2-mercaptoethanol. ES wild type and mutant clones were grown on 0.1 % gelatin for 2 weeks before Embryoid Bodies (EBs)
formation: 50-2000 cell/ml were aggregated in non-adherent 96 well plate (Cellstar) for 4 days in α-MEM medium with 15% FCS and 50µM 2-mercaptoethanol. EBs were then plated on vitronectin-coated 24 well plate for others 4 days in α-MEM medium with 15% KnockOut SR (Gibco) and 50µM 2-mercaptoethanol. ES cells were induced to differentiate to EC in the presence of 50 ng/ml VEGF-A 165 (Sigma). The non adherent cells were removed by washing one day after plating on vitronectin-coated dishes. As ES clones behaved similarly the data reported are of the heterozygous clone 5539 and the knockout clone 5548.
In vitro and in vivo angiogenesis
To induce angiogenesis in the ovary C57BL6 mice were stimulated with 10U/mouse of pregnant mare's serum gonadotropin (PMS-G) to induce the Follicular maturation, and after 44h with 10U/mouse of human chorionic gonadotropin (hCG) to induce the LP as previously described 21 .
only.
FACS analysis
Cultured cells were harvested after incubation with Dissociation buffer (GIBCO) under gentle agitation and incubated for 30 minutes in PBS-5%FBS on ice to block unspecific binding. Cells were then incubated with primary antibodies for 30 minutes in PBS-1%BSA and after 3 washes were stained with conjugated secondary antibodies.
Cells were analyzed by FACS Scan and dead cells were excluded by staining them with propidium-iodide.
Immunostaining
Cells were plated on coated cover glasses, fixed with 4% Parafolmaldehyde in PBS for 20 minutes at RT, washed twice and incubated with the blocking buffer (PBS +1% BSA +0,1% Triton X-100). The fixed cells were incubated with primary antibody in blocking buffer for 1h at RT followed by three washes and incubation with conjugated secondary antibodies in blocking buffer for 1h at RT. For nuclear staining cells were incubated for 5 minutes at RT with DAPI reagent. To investigate the Ac-LDL uptake, the cultured cells were incubated with 10 µg/ml Alexa Fluor 488 Ac-LDL (Molecular Probes) for 4h and washed twice with medium. The samples were examined with Nikon E600 microscope. Colocalizations were performed with leica TCS SP2 confocal microscopy. Were used mAb for murine E-Cadherin ECCD2 (Zymed), murine Flk-1 AVAS12 (Pharmingen), murine PECAM-1 MEC13.1 (Pharmingen), murine VE-Cadherin 11D4.1 (Pharmingen); α-SMA 1A4 (Sigma), PDGFR−β28 
Differential Colony Screening
To identify the differentially expressed clones in the Forward subtracted Library 7000 single colony on Nitro-cellulose filters were screened. Colonies were plated in four replicas and were grown over-night on the filters which were exposed for 5 minutes in a Denaturing Solution (0.5M NaOH 1.5M NaCl), followed by a Neutralizing Solution (0.5M TrisHCl 1.5M NaCl) and baked at 80°C for 2h.
The differential colony screening was performed by hybridization with the Forward subtracted probes, Forward un-subtracted probes, Reverse un-subtracted probes and Reverse subtracted probes which derived from the radiolabeled corresponding cDNAs.
Using this intercross analysis we identified the differentially expressed clones.
Macroarray analysis
To evaluate the difference in the gene expression levels was performed a macroarray analysis. Nested PCR amplification of each clone identified was performed with rTaq DNA Polymerase (Takara), purified and analyzed on agarose gel. Eight replicas of each DNA product were spotted on Nitrocellulose filters and hybridized separately with the full-length cDNA probes obtained from the EBs mRNA WT and KO using the SMART PCR cDNA Synthesis Kit (Clontech). The single spots signals were quantified using the 1D Image Analysis Software (Kodak) and the value were normalized against the GAPDH gene signal on each filter. 
Real time RT-PCR
The gene expression analysis was performed with the Light Cycler RNA Amplification Kit SYBR Green I (Roche); we designed specific primers for each gene using the OLIGO 4.0 PCC software; each experiment was repeated four different times.
Design and cloning siRNA cassettes
The U6 promoter (-315 to +1) was PCR amplified from mouse genomic DNA with an XhoI restriction site at the transcriptional initiation site and cloned into pGEM-T vector.
Oligonucleotides coding for mouse Pim-1 siRNA were designed to contain a sense 21 nucleotides strand (5'-GTCTCTTCAGAGTGTCAGCAC-3') sequence followed by a spacer (5'-TTCAAGAGA-3') and its reverse complementary strand followed by five thymidines as an RNA polymerase III transcriptional stop signal. The human PIM-1 sense oligonucleotide (5'-GTCTCTTCAGAATGTCAGCAT-3') was cloned with the same spacer as for the mouse and followed by its reverse complementary sequence.
The complementary oligonucleotides were ATP phosphorylated, annealed and sub-cloned into XhoI-PstI cloning sites pGEM-T/U6 Promoter vector. The U6 Promoter-siRNA constructs were then subcloned into ClaI-SalI lentiviral vector eliminating the PGK promoter and the GFP cassette.
Lentiviral vector production and titration
The lentiviral vectors (pCCLsin.PTT.PGK.EGFP.Wpre, pMDLg/pRRE, pRSV-Rev, pMD2.VSVG) were a kind gift by Naldini L. and the recombinant lentivirus were produced as previously described 23 . Briefly, 293FT cells were transiently transfected using the calcium-phosphate method for 16h after which the lentivirus were harvested only.
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Recombinant lentivirus were concentrated by ultracentrifugation for 2h at 50000 X g. Chemotaxis analysis was performed as described 24 with Boyden chamber using 48-well. Migrated cells were fixed in methanol stained with Giemsa solution and counted. Sprouts were performed as described 25 . Sprouting was quantified by measuring the length (ocular grid at 20-40x magnification) of the capillary sprouts. In vitro angiogenic assay was was performed using Matrigel in 96-well tissue colture as described 24 .
Results
Flk-1 +/+ ES cells fully differentiate into endothelial and mural cells while Flk-1 -/-ES cells fail to differentiate.
It was previously demonstrated that sorted Flk-1-positive mouse ES cells can differentiate into both EC and SMC and EC differentiation is dependent on VEGF-A in a dose-dependent manner 12, 26 . We introduced few variations on these protocols to identify genes relevant for endothelial and mural differentiation considering that the cross talk between endothelial and mural cell precursors is crucial for the full development 27 . EC and SMC precursors were selected by plating Embryoid Bodies Taken together these data demonstrate that it is possible to fully differentiated ES to EC and SMC strictly dependent on Flk-1 signaling and therefore identify Flk-1 target genes involved in these differentiation pathways.
Identification of Flk-1 target genes.
only. confirming that the subtraction library identified genes expressed in precursors of these cell types. It is worth noting that the mural markers were overall less represented as the mural cells were less represented due to the in vitro condition adopted (Supplementary   Table and Fig.1 ).
The differential expression of putative regulatory genes were further evaluated by quantitative RT-PCR. As reported in Table I, Sfrp1/FrzA, which were known to be up regulated in EC during the angiogenesis of the ovary 13, 21 . Indeed, the RT-PCR analysis showed that their mRNAs were maximally induced from the late FP to the early LP, which correspond to the most intense formation of the neo-vessels, and decreased at later time points (data not shown).
Importantly, this analysis revealed that most of the identified genes were, up-regulated during the angiogenesis of the ovary although to varying levels and kinetics (Fig. 3) .
Nm23-M2, Set, Btk and Pim-1 showed the highest induction levels, while Nm23-M1, Slug, Ship-1, pp32 and Cbp showed minor, but still significant induction. As could be only.
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New genes expressed in EC during angiogenesis.
To verify whether the newly identified genes were actually expressed in activated EC we performed immunofluorescence analysis. The ovaries collected at various time points after hormone induction were double stained with each specific antibody and with PECAM1 to label EC. The immunofluorescence analysis performed at 8 hours of LP demonstrates that all the genes analyzed were indeed expressed in endothelial cells (Fig. 4) . Importantly no gene products analyzed were expressed in EC of the ovary before active angiogenesis, but were up-regulated during the FP reaching maximal signal levels during the early LP, thus mirroring the RNA expression measured by RT-PCR. This expression pattern was evident for Pim-1, which was strongly induced in EC during angiogenesis (Fig.5) , while Cbp behaved differently. In fact, Cbp could be detected before angiogenic induction and at later time points its expression was increased and not restricted to EC (Supplementary Figure 2) . Fig. 6. NM23-H1, MESDC2 , SLUG, pp32, and SHIP-1 mRNAs were strongly induced (≥ 6 fold) with a peak at 20 minutes. Similar kinetics, although with lower induction levels (3-6 fold) were observed for SET, BTK and PIM-1 mRNAs. NM23-H2 mRNA was induced maximally at 40 minutes, while CBP induction was delayed reaching a peak at 120 minutes.
Pim-1 is required for endothelial and mural cell differentiation.
Pim-1 was further selected for analysis of its functional role in ES differentiation and in VEGF-A-stimulated HUVEC. This gene was chosen because no role in vasculogenesis or angiogenesis has been previously demonstrated. By contrast, our analysis showed that Pim-1 was specifically expressed in Flk-1 positive precursors.
It was transiently expressed in vivo in EC during angiogenesis and induced by VEGF-A in HUVEC. In addition Pim-1 codes for a serine/threonine kinase, which in the nucleus could regulate gene expression by direct phosphorylation of transcription factors [31] [32] [33] .
To analyze the role of Pim-1 in vasculogenesis in vitro we generated a lentiviral vector expressing a small interfering RNA (siRNA) recognizing the mouse Pim-1 mRNA, under the control of the RNA Pol. III promoter U6. This vector was chosen because differently from other retroviral vectors analyzed, it was expressed in all ES cells and was not silenced during the differentiation protocol (data not shown). The optimal sequence to silence Pim-1 mRNA was identified using an RNA accessibility test 34 .
Infection with Pim-1 siRNA lentivirus showed a strong reduction of Pim-1 product in ES cells (Fig. 7A) . The lentiviral infected ES cells silenced for Pim-1 were then induced to differentiate in vitro. Pim-1 siRNA did not inhibit cell growth or only.
For
cell types as shown by the expression of E-cadherin, which decreased both in the mock infected and in cell expressing Pim-1 siRNA (Fig. 7B) and by the muscle marker Myogenin and the endodermal marker α-1 fetoprotein which were strongly increased in these cells (Table II) 7D ). In addition, PIM-1 knock-down inhibited capillary formation on matrigel and endothelial cell sprouting (Fig. 7E, F) . These data strongly suggest that PIM-1 is a bona fide downstream KDR effector in HUVEC. For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From induction in EC in vivo in the angiogenesis of the ovary while the analysis in HUVEC revealed that these genes were induced by VEGF-A with fast kinetics. To our knowledge none of the genes identified in this screening was previously known to be Flk-1 target gene. Several genes identified were previously described to play a role in endothelial differentiation and angiogenesis, thus confirming that the screening was giving the right genes. For the remaining genes the relation with vasculogenesis and/or angiogenesis was less obvious. Several genes, previously identified on diverse cell types, were selectively up-regulated in EC in angiogenesis of the ovary and induced by the KDR signaling in HUVEC. It is worth noting that most of these genes have been described as expressed and/or as playing a role in cells of hematopoietic origins. As Flk-1 marks the common progenitor of vascular and hematopoietic cells it is possible that the above mentioned genes are regulated by Flk-1 signaling in the hemangioblast.
However, we have no evidence to support this hypothesis, which should be further investigated. In fact, the gene expression analysis reported in this work has been performed in Flk-1 positive endothelial precursors expressing endothelial markers and demonstrated their expression in adult EC, thus after the separation from the hematopoietic lineage. As Flk-1 expression persists in the angioblast that will originate both EC and SMC, one must assume that in hematopoietic precursors these genes are regulated by other pathways. This is the case of Slug, which resulted specifically expressed in our analysis under the direct signaling of Flk-1 and has been shown to be induced in primitive hematopoietic cells by SCF / c-kit signaling 36 .
As hematopoietic and vascular cells have a common precursor, the expression of this group of genes might unveil similar functions and provide hints of their role in EC. All these genes are expressed at early stages of hematopoietic cell differentiation Finally the general transcription regulators Set, pp32 and Cbp resulted in being under the Flk-1 signaling. Set and pp32 may play a role in the establishment and maintenance of "histone code" of the chromatin as both were found to be subunits of the inhibitor of acetyltransferases (INHAT) 43 while Cbp codes for a general transcription co-activator that has also acetyltransferase activity 44 . It must be pointed out that during the induction of the angiogenesis of the ovary, Cbp up-regulation was not limited to the EC. This expression pattern per se does not exclude a role of this gene in endothelial precursors during vasculogenesis nor in EC during angiogenesis. In fact it has been observed that Cbp knockout which express a truncated form of the protein die at about day 9.5 with hematopoietic and vascular defects 45 .
Functional analysis of Pim-1 in vasculogenesis and angiogenesis was also performed. Pim-1 represented a good candidate as it was specifically expressed in EC during angiogenesis, it codes for a nuclear kinase able to phosphorylate different substrates, and no previous role in vasculogenesis or angiogenesis for this gene was For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From Pim-1 is a serine/threonine kinase 41 , specific small molecule kinase inhibitors could be developed for use as selective angiogenesis blockers 49 .
Taken together, the genes identified in this screening support the idea that Flk-1 is required for the early stages of vasculogenesis, which consist in the expansion and differentiation of endothelial progenitors as well as the reprogramming of quiescent EC of vessels that happens during angiogenesis. To activate these cellular functions, Flk-1 expressed in EC and their precursors induces the expression of a series of genes that could be either cell type specific but could also be not exclusive to endothelial cells.
As VEGF-A / Flk-1 plays a central role in vasculogenesis and angiogenesis inducing different functions in activated cells, the genes identified in this study should provide a valuable resource to better understand these processes. Co-localization analysis was performed with confocal microscope. Scale bar = 40µm. only.
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